ABSTRACT This work describes the design and testing of a power Voltage-Controlled Current Source (VCCS) based on the Howland Current Source (HCS) topology. This source is part of a system that contains a three-axial Helmholtz coil and is used to generate a controlled magnetic field environment for aerospace applications. Initially, the paper presents the HCS theory and practical limitations on the premise that the system must be built using low-cost off-the-shelf components. The paper also carefully address on how to design and plan the VCCS matching physical and electrical parameters/limitations of a specific Helmholtz coil. All project details as well as the built VCCS electronics and its results are shown. These include linearity and a first order calibration test, stability and low-frequency error measurement, step response and a frequency limitation analysis. The built source is capable of sourcing up to ±1.5 A at ±25 V, maintaining its linearity and achieving an error smaller than 0.5% with a first order calibration. The final HCS prototype together with the Helmholtz coil allows an excellent capability regarding magnetic field generation for both open and closed-loop applications.
I. INTRODUCTION
The Helmholtz coil is a valuable tool to obtain constant and controllable magnetic fields. There are several applications from distinct areas as aerospace, medicine, physics, chemistry, pharmacy, biology, robotics, and others, where its use can be extremely relevant.
Though the Helmholtz coil theory [1] is not the main topic in this paper, its working principle is simple: it transforms a constant current, flowing through a pair of concentric coils, into a constant magnetic field in a central volume of the system, acting as a magnetic lens. By combining three-pairs of such coils, or three lenses, a three-dimensional system can be built [2] , [3] . By controlling the current in each lens, this system can be used to synthesize a controllable timevarying magnetic field, allowing a number of studies for the aforementioned areas.
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The tri-axial Helmholtz coil described in [4] was designed to perform Hardware-in-the-Loop (HIL) simulation for aerospace systems development, including the testing of attitude determination and control systems and the calibration of low-cost magnetic sensors. That paper delineates the design guidelines of such a coil, as well as a closed-loop HIL simulation capable of controlling the magnetic field within the coil's volume. That and other papers present different perspectives of the design of the Helmholtz coil considering bounds of a specific application [2] , [3] , [5] - [7] . Their contribution focuses on design guidelines and performance analysis of their described system, and do not pay attention to the design of the current source that powers the coil's lenses.
The current source is an essential part of the Helmholtz coil. Its characteristics are greatly influenced by the coil's construction and electrical parameters [8] . Hence, the power supply and its design parameters must be addressed during the entire system design process. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ To properly supply the coil's lenses of [4] the source has to: provide current from positive to negative values, which in turn, is a necessary feature so that the magnetic field is generated in any sense; output currents up to a couple of amperes to coils with tens of ohms of impedance; have a precision so that a resolution on the hundreds of microampere can be achieved; and have low-noise. Furthermore, the output current transfer function must be accurate, preferably linear and have repeatability (so that it can be calibrated). Moreover, efficiency is not an issue since the system is used in a laboratory to test and validate the mentioned aerospace applications using HIL simulation. It is also desired that the source does not have filters or compensators that could end up compromising the HIL setup due to delays in the magnetic field response.
In this direction, this paper outlines the design of a voltage controlled current source (VCCS) tailored specifically to power that Helmholtz coil. This article and [4] were written aiming to fill a literature gap, providing a didactic and comprehensive set of guidelines regarding the Helmholtz coil whole design process.
The VCCS built is classified as an improved Howland Current Source (HCS) [9] , [10] . The HCS is a linear VCCS and widely used for biomedical applications [10] - [14] due to its construction simplicity, resolution and temperature stability. If carefully designed, the HCS can output a very accurate, precise and symmetric current signal that is independent of the load impedance. Most biomedical applications are in the micro-or tens of milli-amperes range. On the other hand, our Helmholtz coil requires each VCCS to handle tens of watts in a much lower impedance and frequency compared to the typical HCS designs found in the above works. Therefore, the HCS must be built using power components and, tough efficiency is not a concern, the system must guarantee that the power losses and the generated heat do not compromise accuracy and precision.
The power HCS allows a linear solution to the problem and have a few advantages over its alternatives. It can easily handle both negative and positive currents, and, specifically, the zero current transitions (crossover) with low errors. Furthermore, it allowed a low-cost and simple electronic design using commercial off-the-shelf components only, where the essential one is the LM675 power operational amplifier (OpAmp). Also, comparing to switching sources, it has a less complex design, has few noise problems, and does not require an external control loop.
It is also worth mentioning that most of similar Helmholtz coil works in the literature either do not discuss the current source [5] , or uses custom-built solutions based on switching inverting topologies [3] , [15] , or end up using commercial sources [6] , which can also be expensive and might not strictly comply with the system's requirements. Additionally, most of these works do not present or discuss their current sources capabilities, performance, or limitations in detail.
One of the contributions of this paper is the design methodology of a VCCS based on the improved HCS to power the magnetic lenses of a tri-dimensional Helmholtz coil. Another contribution is the construction and characterization of the referred HCS for a high current situation, which is absent in the literature. Its performance data shows that it can successfully generate symmetric currents from milli up to a couple of amperes.
At last, it should be noted that the power HCS shown can be adapted to a number of scenarios, as long as the load characteristics, the output frequency signal and the components limitations are known. Based on that, the methodology presented here can be used, regardless of the application, to parameterize the HCS to match the specific needs of any system.
II. HOWLAND CURRENT SOURCE
The basic circuit of a Howland Current Source [9] , [10] can be seen in Fig. 1 . The output current is controlled by the applied input voltage v i to the OpAmp's negative feedback loop. The load Z L is one of the Helmholtz coil's magnetic lens, where its two set of windings are connected in series. The magnetic lens can be modeled by a series resistor-inductor circuit.
The modeling of the above circuit, also discussed in [16] , is reproduced here for didactic reasons and, more importantly, to describe the design constraints of a power HCS able to output a load-independent current proportional to the input voltage. Subsection II-A deduces both the output current i L as a function of the input voltage v i and the conditions necessary to maintain this relationship true regardless of the load.
A typical power OpAmp is not rail-to-rail, meaning its output voltage swing is lower than its supply voltage. Additionally, most of the current that flows through the magnetic lens impedance Z L also flows through R 2b , so the voltage on the lens v L is lower than the OpAmp output voltage v 0 . This can be seen by inspecting the schematic diagram in Fig. 1 . Therefore, the maximum output voltage, Z L , R 2b , and the maximum current (i L max ) are concurrent parameters in an HCS design. Subsection II-B equates i L max of the HCS as a function of the other parameters.
A. CURRENT IN THE LOAD
The relationship between the output and the input voltages can be found by equating the negative feedback loop. Since the currents through R 3 and R 4 are the same, then
Similarly, equating the positive feedback loop we obtain
The current that flows through R 2a and R 1 is the same, then an equation that relates the voltage at the non inverse input (v x ) and the voltage on the load (v L ) can be written as
Replacing v x in (1) from (3) and isolating v o , we have
Combining (2) with (4) to eliminate v o and after some algebraic manipulation, i L is given by
The schematic diagram in Fig. 1 behaves as a VCCS if i L is independent of Z L . Therefore, the first term in denominator at the right side of (5) must vanish, so
This condition requires the following relationship to be maintained
Accounting that (7) is satisfied, (5) can be rewritten as (8) , which describes the output current of the HCS as a function of its input voltage.
The maximum possible output current depends on the OpAmp output voltage swing, which can be considerably lower than the supply voltage. Furthermore, the current is also limited by the voltage drop in R 2b . We can write v o as a function of v L by rearranging (2), hence
Replacing v L by the product i L Z L , isolating the output current i L , and finally accounting for the OpAmp maximum output voltage v o max , we can rewrite (9) as
Since the load is modeled as a RL series equivalent circuit, Z L impedance can be expressed by
Substituting (11) into (10) we obtain the maximum output current in (12) . (12) Equation (12) relates the maximum HCS output current given the voltage swing limits, the feedback resistor R 2b , the load, i.e., a Helmholtz coil lens resistance R s and inductance L s , and the applied current frequency ω.
Given the HCS is a VCCS, variations in the frequency causes the output voltage v o to change in order to maintain load current constant. Despite being obvious that with a limited output voltage swing the maximum working current will decrease with frequency, this restraint must be considered both in the Howland current source and in the magnetic lenses design.
III. PRACTICAL ASPECTS AND LIMITATIONS
Three main aspects are important when designing the system: the Power OpAmp characteristics; the stability and issues around the temperature variation of R 2b ; overall power dissipation and its effects on the design. Each one is covered in the following subsections, respectively.
A. LM675 POWER OPAMP LIMITS
The Texas Instruments LM675 is a typical low-cost power OpAmp and was selected as the main component of the HCS described in this article.
According to the LM675 technical specifications, its input voltage is limited to ±30 V and the output current can swing up to ±3 A. Additionally, the output voltage must be limited in the range of ±26 V to guarantee its linear operation when supplied with ±30 V. Another limitation is that the LM675 has a stable operation only if its negative feedback gain is greater than 10.
Those constrains are very important in the subsequently discussion on how to dimension the Helmholtz Coil and the HCS physical and electrical characteristics to guarantee the correct system operation within its design requirements.
B. HCS STABILITY DUE TO R 2B TEMPERATURE
An important aspect in the HCS design is the electrical characteristics deviation of the passive components used in its construction, specially the thermal drift.
The resistors R 1 , R 3 , R 2a and R 4 in Fig. 1 have values in the kilo-ohms range. They are subjected to low currents in the order of mili-ampere. On the other hand, R 2b is around one ohm and is subjected to almost the same current i L as the load, which makes heating expected in this component.
This component must be a power resistor, which can dissipate the heat to the ambient keeping temperature within its operating limits. Quality commercial power resistors will have its thermal parameters, such as the its heat resistance to the air and the temperature coefficient of resistance (TCR) characterized within its operating temperature range and made available by its manufacturer. This component should have the smallest variation of its resistance as possible within the operating temperature range. Additionally, it is desirable that the temperature of this component be as stable as possible within the operating range of current applied by the HCS's OpAmp. Having said that, the dissipated power over this resistor may causes significantly temperatures variations in it, which will cause proportional resistance variation accordingly to the resistor's TCR.
Owing to the described, the modeling of the generated current variation as a function of the R 2b resistance variation and the input voltage variation for the HCS is justified. A resistor's resistance variation with temperature can be expressed as
where T is the temperature variation in the interval (T f − T i ), α is the resistor TCR in T , R i is the resistor value at t i and R is the resistance variation in T .
Taking the current total differential of (8) as a function of the variations in each of the elements, we have
Evaluating the first two partial derivatives (∂R4 and ∂R3) and replacing the R i with (13), the relationship shown in (15) holds if an identical temperature variation occurs in both resistors and assuming their TCR is the same.
As variations in R 4 and R 3 compensates each other, (14) can be rewritten as
Combining (8) with (16) and after some algebraic manipulation, (17) describes the relationship between the relative rate of change of the current load as function of the resistor's TCR and the relative rate of change of the input voltage, within a specified temperature range.
Equation (17) shows that a variation of R 2b will cause a proportional variation on i L . This relationship is deduced from (8) , which is based on the premise that (7) holds. As explained above, the resistance value chosen for R 2b is around one ohm and the other resistors have values 10 3 times greater, at least. Since R 2b must dissipate heat, considering a temperature rise not greater than 100 • C above ambient temperature and also considering the use of a common wirewound power resistor with TCR of ±100 ppm/ • C [17] , from (13), its resistance variation will be on the order of ±0.01 ohm. From (7), this small variation on R 2b is negligible if compared to the kilo-ohms range of the other resistor. Since the relation stated by (7) is fullfilled, (8) will hold and the circuit in Fig. 1 will behave as a VCCS.
However, as it is also seen in (8), a variation of R 2b will affect the VCCS' transconductance gain and (17) dictates that. Using the same TCR parameters that guided the discussion in the above paragraph and considering an applied current of 1 A, a current variation in the order of ±0.01 A may be caused by R 2b temperature variation. Thus, the linearity of the HCS built must be addressed experimentally.
C. POWER DISSIPATION EFFECTS ON THE VCCS
According to the circuit in Fig. 1 and assuming i L ≈ i R 2b , the instantaneous dissipated power is the sum of those dissipated at the load (P L ), at R 2b (P R 2b ), and internally by the OpAmp (P D ), thus
Modeling of power dissipated in R 2b was already addressed in the last subsection.
The power applied to the load is dissipated in the coil windings, causing a temperature rise which modifies the resistivity of the winding material, and consequently the load impedance. However, the VCCS compensates for such changes and maintains a constant output current.
The heat generated by the OpAmp due to its internally dissipated power needs to be managed by a thermal dissipation apparatus to keep its temperature within safe limits. Unlike the other power components, P D does not increase monotonically with the current. Taking the derivative of P D as a function of i L or v o and looking for a zero, it is found that the maximum power dissipated at the OpAmp occurs when
Assuming maximum currents close to 2 A, a supply of ±30 V, and depending on the load impedance, the LM675 might need to dissipate as much as 30 W internally. Thus, generating a considerable amount of heat and, like any class AB or B linear amplifier, having low efficiency.
However, as already stated in the introduction, this is not a concern to our application. The main focus is to achieve good stability, linearity, and low-noise. Therefore, the VCCS design must be as immune as possible so that the heat generated won't cause the components' temperature to go beyond a value where the HCS is impaired.
IV. HOWLAND CURRENT SOURCE DESIGN
This section provides a detailed discussion about the HCS design based on the Helmholtz coil parameters presented in [4] .
A. A BRIEF HELMHOLTZ COIL DESCRIPTION
The used Helmholtz coil is a three-dimensional field generator composed by three sets of square magnetic lenses mounted one inside each other. The coils are square shaped with a side length S L , such as the outer lens has S Lext = 1.00 m, the middle has S Lmid = 0.94 m and the inner has S Linn = 0.88 m. The dimensions and the distances between the coils were chosen to produce a constant magnetic field with an uniformity of 0.02 % inside a central squared volume with 11 cm edge. This is the primal requirement of the Helmholtz coil built. The coil and its constructive mechanical details can be found in [4] .
B. ESTABLISHING HCS BOUNDARY CONDITIONS
The Helmholtz coil was designed to produce a magnetic field twice the value of Earth's field in each of its lenses. This allows the coil to produce an opposing field to the Earth's magnetic field, which in turn produces a null biased field inside the coil. Then the system can create a field simulating an object moving in any position of the earth's globe, specially the field seen by an object in low orbit showing a complex dynamics.
Referring to the latest version of the world magnetic model, the WMM2015, and to attend the above requisite with a safety margin of about 25%, each lens should generate at least 180 µT (1.8 gauss).
Considering the optimum design of a square Helmholtz coil [3] , [18] , the relationship between the magnetic field intensity, given in tesla (T), generated by each lens as a function of the current I applied to it, the number of turns n of enamelled copper wire wrapped in its pair of coils, and its side length S L is given by (20).
From (20), one can obtain the desired maximum field intensity for a given lens with known side length S L as a function of the product nI . For instance, if we take the outer lens, which has S Linn = 1.00 m, the minimum value of nI so the system can generate at least 180 µT is (nI ) min ≥ 110 ampere-turn.
The relation stated by (21) is essential to the design of both the Helmholtz coil and the HCS. The lens' coils number of turns and the maximum current necessary to achieve the desired field are tightly related.
For example, by increasing the number o turns, a lower current is needed to generate the desired field. There are two consequences within this scenario.
First, the inductance of the lens depends on the square of the number of turns n, so
where the multiplicative term k α is a constant factor of proportionality. Therefore an increase in the lens' coils number of turns will increase its inductance. According to (12) this will reduce the current effectively applied to the lens, reducing also the field generated as the frequency of the current signal applied increases. This has an impact on the VCCS, since it has to generate higher currents to achieve the desired field intensity to compensate the increasing lens' impedance as the current signal frequency increases. Additionally, since the system will operate in closed loop, the plant LR time constant will raise impacting on the system's frequency response.
As a consequence, a higher inductance value will limit the scope of field simulations that can be performed with the Helmholtz coil. Second, the system also must allow the production of controllable small magnetic filed variations, showing enough resolution to the applications which is designed for. Additionally it has to be immune to induced and leaked currents. Such characteristics are difficult to achieve if the maximum current is reduced drastically. For instance, if B max is produced by a 50 mA current, then to produce 1/1000 of this field the current would be 50 µA. If the current to produce B max is 1000 mA the fraction 1/1000 thereof would be 1 mA. The latter would have a higher signal-to-noise ratio, i.e., greater immunity to parasitic currents, but the price to pay is the need of a powerful HCS, with higher energy consumption and dissipation.
On the other side, reducing the number of turns may cause problems related to the excessive current necessary to drive the lens and, consequently, the necessity of larger gauge wires. This latter may implicate in issues related to the constructive methods and mechanical design of the lenses. Coiling larger gauge wires requires higher tensions to conform the wire around the lens' structures. The wire, the structures and the machinery required for the winding have to withstand such process. Also, coils with small number of turns are more difficult to produce replicas with the exact same characteristics. Any misalignment in the turns caused by the winding process may impact on its inductance and also on the field generated. In coils with larger number of turns, eventual misaligned turns will be diluted.
If high current levels are needed to drive the system, the HCS electronics will be more complex so the design and construction of dedicated circuits may be necessary due to the lack of commercial-off-the-shelf (COTS) solutions available, such as the power OpAmp (LM675). The maximum voltage that must be provided by the OpAmp mainly depends on the lens impedance, as stated by (10) . Thus, the lens' windings resistance should be kept at reasonable values so there are COTS solutions available that are able to produce the maximum voltages to drive the lens. Also, the use of linear topologies may lead to power dissipation problems, so the HCS components must have thermal and physical characteristics to withstand that. Disregarding the limitations described will lead to the use of a non-linear topology, such as a commercial and relatively expensive VCCS.
Based on the above, it is clear that a careful analysis of the Helmholtz coil requirements must guide the choices for the wire gauge, the number of turns and the maximum current necessary to produce the desired magnetic field. Also the analysis shown must guide the design and component selection for the HCS.
C. PLANNING AND DESIGNING THE COIL'S WINDING
The HCS load resistance can be found from the coil number of turns multiplied by the resistance per meter of the chosen gauge. Also, since the coil dimension L and the necessary magnetic field intensity B were already defined by the coil's application requirements, the factor of nI = 110 ampere-turn was obtained as described before. With these information, it is necessary to check the necessary voltage and current ranges so that they match the wire gauge selected. Now, the outer coil has the highest resistance and it is used as the reference calculation.
Considering the power OpAmp LM675 already explained, the output swing has to be within ±26 V / ±3 A. The chosen wire must withstand the project's maximum current and have a winding total resistance bellow the threshold where its voltage drop won't swing over ±26 V, calculated by means of (12) .
Based on the above and aiming to avoid OpAmp working close to its limits, we assumed a starting point of 1.5 A as the absolute maximum current to the project, and then calculating and checking if the remaining values both fit the requirements and are viable. In this case the number of turns is defined as n = 110.6/1.5 ≈ 73. This amount of turns results in almost 292 meters of enamelled wire to the outer coil.
Looking at a typical AWG table data of enameled wire we assembled Table 1 , which contains the following information: R 292 -the resistance of the lens (two windings connected in series with 292 meters of wire each), V @1.5A -the necessary voltage to produce 1.5 A thought the lens, I @26V -the maximum current that could be produced with ±26 V applied to the winding.
From Table 1 and aware of the LM675 OpAmp characteristics one can choose the most suitable gauge wire. Another fact to be considered is that AWG 17 to 21 wires are malleable enough and can withstand enough tensile strength during coiling. Also, lenses produced with wires from AWG 17 to 19 require less than 26 V to produce the desired current necessary to the maximum magnetic field.
For the middle and inner lenses, the nI product is lower than the one for the outer lenses, as shown in (21). Applying the same current constrain of 1.5 A and knowing that the number of turns and the lenses principal dimension are smaller than those for the outer lens, the middle and inner lenses winding resistances will be also lower than the outer lens resistance. Consequently, the chosen wire gauge for the outer lens is suitable for the middle and inner lenses.
Based on facts above, it was decided to employ the AWG 19 on the Helmholtz coil. After building a lens, each of its windings had its resistance and impedance measured. These are presented in Table 2 . The resistance and inductance were measured using a 4263B RLC meter from Keysight Technologies. The wire length for each winding were calculated based on the coil side length and the number of turns. Again, all other details of the project can be found in [4] .
D. DESIGNING THE HCS CIRCUIT
According to the manufacturer, the LM675 OpAmp must have a minimum closed-loop gain of 10 to be stable. The HCS circuit (Fig. 1 ) was configured with a 10.1 gain, so the following relation based on (7) must obey (23).
The R 2b resistance value must be carefully chosen. It must be much smaller than the remaining HCS resistors, as stated on the discussion presented in section III-B.
Additionally, R 2b should be as low as possible to minimize the ohmic loss, as can be seen on Fig. 1 , and to minimizie the power losses in the form of heat that must be dissipated. Also, the maximum current that can be driven to the load will be limited by R 2b , as shown in (10) .
On the contrary, diminishing R 2b in excess can increase the transconductance gain to an undesired point, as can be seen in (8) . This will impact on the current resolution that can be achieved by the HCS and also on its immunity to noise, as exemplified in section IV-B.
Having said that, to define R 2b we first rewrite (12) isolating R 2b and knowing that R 2b /(R 1 + R 2a )
1, so
Equation (24) establishes a relation between R 2b maximum resistance value and the signal frequency that can be applied to the lens.
Using the fact the OpAmp maximum output voltage is 26 V, we can plot curves of R 2b as a function of the input signal frequency for various maximum currents applied to the lens. Given that signals up to 25 Hz are sufficient for the aerospace applications aforementioned, we considered a frequency range from 0 to 50 Hz for the analysis. Using the outer lens impedance (see Table 2 ) and different maximum current values, the boundary curves of R 2b were plotted on Fig. 2 . 125654 VOLUME 7, 2019 FIGURE 2. Maximum allowed shunt resistor (R 2b ) based on the input signal frequency and peak current.
Considering a current limit of 1.5 A and input signals close to 25 Hz at most, we can infer that R 2b < 1.5 . From that, a 1.2 resistor was chosen. Flowing 1.5 A through R 2b will dissipate 2.7 W, making it possible to employ a typical 5 or 10 W power resistor, so:
In practice, the curve for the limit of 1.35 A in Fig. 2 should be realistic. In the beginning we established some boundary conditions to dimension the lenses and the HCS constructive parameters. The maximum magnetic field magnitude were overestimated to 180 µT as an initial design precaution. The Earth's magnetic field were the Helmholtz coil is operational have a magnitude lower than 40 µT and the fields to be synthesized by the coil should not have a magnitude greater than 80 µT. But we should account for the fact that as the input signal frequency increases the lens impedance seen by the OpAmp output also increases. Also it was difficult to estimate the lens impedance due to its winding length/crosssectional area ratio. That justified the initial field magnitude value.
Additionally from Table 1 , the AWG 19 wire chosen allow for the outer lens a total winding resistance of 15.43 , which permits 12 % more current than the initial parameter of 1.5 A at the OpAmp maximum voltage (26 V). In the same way this happens to the other two lenses. Also the lenses measured ohmic resistance were sightly lower than the initial estimated values. These facts allow for a higher maximum current and consequently a higher field could be generated.
Again from the 1.35 A curve in Fig. 2 and for R 2b = 1.2 , one can see that the system could generate magnetic fields with frequencies reaching almost 50 Hz. Obviously, for lower currents and consequently for lower field magnitudes the system frequency bandwidth will increase accordingly.
From (23) and (25), the value of R 2a was calculated as 10099 . In practice, R 2a is obtained by a series and parallel combination of three resistors: [10000 + (100 // 8200)] = 10099 . Now with the system parameters dimensioned and all resistance values determined, we can obtain the trasconductance gain value and rewrite (8) as
E. HCS INPUT SIGNAL CONDITIONING
From (26), one can see that for a control voltage varying in the interval ±163.960 mV, the ouput current will vary between the maximum current limit of ±1.38 A. In this project, the Helmholtz coil is controlled by a dSPACE modular Hardware described in [4] . The modular hardware has a digital to analog converter (DAC) board which generates control signals varying asymmetrically from 0 to 10 V from its outputs. Each output controls its correspondent lens HCS through a signal conditioning circuit that convert the DAC asymmetrical voltage interval output to a voltage interval of ±163.960 mV. This conditioning circuit is presented in Fig. 3 .
In the circuit in Fig. 3 , the OpAmp is configured as a differential amplifier. If R 5 = R 7 = 100 k and R 6 = R 8 = 3.3 k , the output voltage (v i ) is given by (27) .
Replacing v i of (27) in (26), the HCS output current as a function of the DAC output is shown in (28).
F. DESCRIPTION OF THE BUILT VCCS
The entire schematic of one VCCS channel is depicted in Fig. 4 . There are three channels in the system, each one supplying its respective Helmholtz coil lens. The control input voltage is represented by v i DAC and the output current is represented by i i L , supplied to the Z i L lens. The superscript i indicates one of the three channels labeled x, y or z. The first stage of this circuit is the input signal conditioning stage (see Fig. 3 ) and the second stage is the HCS (see Fig. 1 ). In the VCCS schematic there are also two linear regulators with VOLUME 7, 2019 outputs regulated to +15 V and −15 V, respectively. These supply the OPA4227. At last, there is a precision voltage reference, REF5050, connected to the first stage inverting input. The OPA4227 and the REF5050 have low noise and low drift to improve the system performance. They are manufactured by Texas Instruments. The VCCS is powered by two Agilent E6334A power supplies, operating as a symmetric ±30 V / 5 A voltage sources. Fig. 5 shows the assembled VCCS mounted together with the heatsink and the two fans used to cool the system by forced convection. The figure also indicates the relevant components and subsystems. The printed circuit board assembly reveals the simplicity of the proposed VCCS.
V. VCCS MEASUREMENTS AND ANALYSIS
The VCCS results were similar across all channels. Therefore, the results shown in the following three subsections refers to the channel that powers the outer lens. The first shows a linearity test, aiming to calibrate the VCCS transfer function and to infer about its statistics. This section also presents a test to investigate the effects of power resistor temperature variation. The next subsection focus on evaluating the VCCS low-frequency noise and stability in a long period. The last one describes both the step response and the maximum current versus signal frequency analysis.
A. HCS LINEARITY AND CALIBRATION TEST
Equation (28) is the VCCS transfer function. To verify that equation and the system linearity an experimental procedure was performed. Also it was possible to infer about the system temperature immunity.
The dSPACE modular hardware was configured to generate continuously 18 voltage cycles by varying the outer lens DAC output. The cycles were generated starting at 5 V, which in practice will drive the VCCS to produce a current close to zero ampere through the lens. The voltage is gradually increased to 10 V, producing close to −1.38 A. Then the voltage is swung back to 0 V, producing near 1.38 A. Finally the voltage is swung forward to 5V, ending the cycle. Every cycle has 512 steps of 39.0625 mV each and the voltage is kept constant for 2 s between steps. During the procedure the DAC input voltage, the VCCS output current and the R 2b temperature were measured and acquired by an acquisition system. The procedure had a total elapsed time of 5:08:28 h. The output current and input voltage points collected in each one of the 18 cycles are plotted as different curves in Fig. 6 and they appear superimposed.
A third order polynomial fit was made for each of the 18 curves. The fitting results are summarized in Table 3 . The zero and first order coefficients A and B are close to the bias and scale factor found in (28), respectively. The standard deviations of these coefficients show that the VCCS has an acceptable linearity. Also, to corroborate this, the second and third order coefficients are 10 3 and 10 4 smaller than the first order one, respectively.
Since the behaviour of the VCCS is essentially linear, a first order fit was calculated for each of the 18 performed cycles, whose coefficients are presented in Table 4 . The calibrated VCCS transfer function is given by the mean value of these coefficients and is given by (29). The calibrated curve is also shown by the red line in Fig. 6 .
Comparing (29) with the calculated transfer function in (28), one can see their parameters are very close. To evaluate this first order calibration, each one of the measurements shown in Fig. 6 was subtracted from the expected current value given each v DAC point. This result is shown in Fig. 7 , which also includes the average error curve.
Inspecting Fig. 7 one can see that the maximum positive error was ≈ 4 mA, while the maximum negative error was ≈ 7.5 mA. Therefore, the first order calibration equation results in an error with peak to peak of 11.5 mA given the full input range. As the output swings from ≈ ±1.38 A, the maximum percentage error is: 100 × (0.0115/2.76) ≈ 0.42%.
The R 2b temperature and also the calculated power dissipated at this resistor can be seen in Fig. 8 , which shows only two cycles for a better viewing. During the most critical cycle, the resistor temperature went from 35 • C up to a maximum of 105 • C.
The analysis in section III-B showed that the temperature variation of R 2b is a critical source of errors in the HCS. As the temperature variation was ≈ 70 • C, one can suspect that the equivalent current error might be caused by R 2b temperature span. By rearranging (17) , given (13) and (25), assuming a TCR(R 2b ) = −80 ppm/ • C [17] , T = 70 • C, I max = 1.38 A and considering that the input voltage is constant, thus
This result indicates that R 2b variation might be one of main sources of the error observed in Fig. 7 . In order to evaluate if that was indeed the case, a new test procedure was planned aiming to keep R 2b temperature as constant as possible. The procedure discussed in the next paragraph does not seek to provide a practical solution to cool the system in daily usage.
The apparatus used to maintain R 2b constant is depicted in Fig. 9 . The resistor was placed inside a PVC pipe immersed in a water reservoir. Ice cubes were constantly fed to the reservoir to maintain the water temperature constant. A pump produces a water stream inside the tube, directly around the resistor R 2b , and a thermocouple measured R 2b temperature. Data were acquired similarly as in the non-constant temperature test. 512 points were taken per cycle with the same sample interval and input voltage steps.
During the second experiment, it was possible to complete 13 cycles while the observed thermocouple temperature were between 0 and 1 • C. A third order fit was taken for each cycle data, which is shown in Table 5 . The coefficients are of a similar order of magnitude as those of Table 3 , which showcases the HCS's linearity. However, the first order coefficient is reduced compared to the first test. This shows that the system transconductance has changed when R 2b was kept at a lower temperature. Since this resistor's TCR is negative, its resistance raises as the temperature drops. Consequently, the transconductance gain seen in (8) was reduced.
Once again, a first order calibration fit was taken given the HCS linearity. These coefficients are summarized in Table 6 and the calibrated function is seen in (31). Now, for each v DAC measurement across all cycles, the difference (i.e. the error) was computed between the measured current value and that predicted by the calibrated equation. This result, similar to the one of Fig. 7 , is shown in Fig. 10 .
The first order calibration error for the zero degree environment test, seen in Fig. 10 , is clearly asymmetric with respect to the positive and the negative cycle. For negative output currents (5 < v DAC < 10 V) the error exhibits a very small variation. For positive output currents (0 < v DAC < 5 V) it is kept almost constant for currents up to 0.70 A (v DAC = 2.5 V), but above that it varies considerably. Furthermore, there is a crossover error of ≈ 2 mA in the neighborhood of null output current (v DAC = 5 V).
Moreover, given that R 2b 's temperature was stable during the test, we can conclude that the error seen in Fig. 10 is unrelated to R 2b temperature variation and that it has a nonlinear behaviour over the full output current range. By comparing Figs. 7 and 10 we can infer that the error caused by R 2b temperature swing has the same magnitude of the one caused by others reasons.
Though the errors of Fig. 10 were not carefully investigated, those non-linearities occurred within the power HCS stage, and, therefore, are related to the LM675 circuit. Owing to these results and that both the power resistor and the OpAmp used were low cost components, it is likely that improving both would result in an improved linearity and, thus, an even better result considering a first order calibration. In this direction, a chassis-mounted power resistor, with lower TCR and higher power rating, as well as a power OpAmp with better specifications would be recommended.
Despite the discussion about errors, the first order result obtained under normal operation is considerably good. The output current has no compensation as the system is operating in an open-loop design, and, still, the error was smaller than 0.5% throughout the operating range. It must be noted that the VCCS designed is to be used to drive current through the magnetic lenses to generate magnetic field in a closedloop system, which is discussed in [4] . The results seen in that paper show that the VCCS errors presented here (among others related to the triaxial coil assembly) are compensated by the controller, and that the magnetic field response is not influenced by the open-loop error of the HCS.
B. HCS LONG-TERM STABILITY
The HCS current output has to be as quiet as possible to a constant input signal. To evaluate the output noise and stability over a long time, the dSPACE DAC output was programmed to a constant value while the current through the coil was measured using a precision ammeter. For this test, a 3458A 8-1/2 digit multimeter was used to acquire four current samples per second.
The dSPACE output was set at a random value, which in this case was close to v DAC = 3.40 V. The data was acquired during 4200 seconds, and all the samples were used to generate a Gaussian fit distribution.
This result is seen in Fig. 11 . The first plot (a) shows the measured current data bounded by the standard deviation limits from the mean value, represented by the dashed lines. The outer continuous lines represent the limits of a resolution equivalent to ±1/2 LSB considering the dSPACE DAC converter. The second plot (b) displays the data histogram as well as the Gaussian fit, which yielded a mean value of 465.093 mA and a standard deviation of ±41.58 µA.
Using the 12 bits dSPACE DAC results in a resolution of ≈ 660 µA/LSB. That is, the source stability seen is considerably better than the output resolution. Therefore, this last could be improved using a better equipment to generate v DAC , without missing effective bits due to the VCCS's noise.
C. STEP RESPONSE AND MAXIMUM CURRENT VERSUS SIGNAL FREQUENCY
The step response allows to identify the load inductance effect and also the delay coefficient in the coil's transfer function H (s) = 1/(τ s + 1). The maximum current versus frequency aims to verify the VCCS capacity to drive the lens as a function of the input signal frequency. This topic was discussed in section II-B. The step response of the VCCS was measured by applying a signal that abruptly varies from 5 to 0 V at the input v i DAC , resulting in a current step from 0 A to the maximum in the HCS. The voltage across R 2b was sampled using a KEYSIGHT MSOX3054A oscilloscope and the equivalent current was calculated. The expected theoretical result can be described by
where the outer coil's L and R parameters were given in Tab 2. The relation L/R is the time constant τ of this coil lens. Fig. 12 shows both the theoretical response and the measured one. Small differences in both graphs are caused by the the error in inductance measurements. The coil's inductance is very sensitive to magnetic field variations caused by the proximity of magnetic materials and electrical equipment. The measurement of the coil time constant is important to the design of any external control loop that can be employed. In this case, the closed-loop control is described in [4] .
Section II-B addressed how the power resistor value, the load's impedance, the maximum output voltage swing, the current and the signal frequency are conflicting parameters in the VCCS. This is summarized by (12) . Therefore, it is important to verify if the system practical frequency response, i L max versus ω, matches the design.
The analytical relationship between i L max and ω is obtained by replacing the known parameters in (12) . The practical curve can be estimated by establishing a fixed output VOLUME 7, 2019 FIGURE 13. Maximal current i L dependent on the input signal frequency. current in the HCS and progressively increasing the input signal frequency until the output voltage v o of the OpAmp reaches its saturation value, or up to the point where nonlinearities are seen in the output current. The input signal is a sinusoidal one generated by the dSPACE, while the current value is calculated similarly to the step response, based on the oscilloscopes voltage measurement made over R 2b . Fig. 13 shows both the expected and the practical curves. During the test, the current output had considerable nonlinearities when swinging above 25 V, instead of the 26 V expected. That factor resulted in a practical limit slightly lower than the theoretical one.
This result is compatible with the system design and the discussion related to Fig. 2 . The HCS design allows signals of up to ≈ 40 Hz within the full output current scale (1.38 A). Above this frequency, the load impedance will limit the output current that can be sourced or sinked from the LM675 without swinging above 25 V. For instance, if a 200 Hz input signal has to be considered, the maximum current to prevent non-linearities is ≈ 0.50 A. Therefore, from (20), for higher input frequencies the maximum generated magnetic field intensity will be limited.
VI. CONCLUSION
This paper thoroughly addresses the main constrains and limitations involved in matching a Helmholtz coil project and its current source. The steps and decisions necessary to plan the system were carefully discussed, and the technical benefits and issues related to the each aspect of the system were highlighted.
The decisions made in this work are recursive, meaning that after each decision such as R 2b , the coil's wire gauge, the maximum current, among others, all other elements must be checked. If small adjustments are made, the hole system has to be re-calculated. Only that way, a final system compatible with the coil's applications can be achieved.
Also, if a time-varying magnetic field is required, more cautious the design has to be. In this scenario, we bring the reader the main limitations and one possible way to plan each Helmholtz coil lenses and the voltage-controlledcurrent-source.
The system built was planned so that it could be fed using a simple linear solution (the HCS source) based on a power
OpAmp. This way, it was avoided the use of commercial sources or inverting switching converters. The first can be quite expensive if we consider that the source must be controlled and have symmetric current. The latter would require a far more complex electronics and control design than a linear one.
The HCS electronic system was built using low-cost and COTS components, making it easy to reproduce. The source had an excellent result regarding its linearity and achieved considerable low errors in open-loop using a first order calibration. It also had an excellent low-frequency stability, which would allow the use of a higher resolution input signal to command the VCCS. The most critical aspects of the built VCCS are the OpAmp, its heatsink, and the choice of the feedback power resistor.
At last, the VCCS design could be improved by using both a power OpAmp and power resistor with better characteristics. The power resistor could be changed by a chassis mount one with a better power and TCR ratings. Such changes would probably improve the open-loop linearity. But as the VCCS is used as part of a closed-loop magnetic field system controlled by a hardware-in-the-loop simulation, a low-cost, simple and fast development design was prioritized.
